The ability of C. albicans to invade mucosal tissues is a major virulence determinant of 2 this organism, however, the mechanism of invasion is not understood in detail. 3
INTRODUCTION 24
Candida albicans (C. albicans) employs virulence strategies that contribute to its 25 ability to colonize and invade host cells and tissues and cause common mucosal 26 infections such as oropharyngeal candidiasis (OPC) in immunocompromised patients 27 (36). These mechanisms include expression of host recognition molecules or adhesins 28 (13, 40, 49), ability to exist in reversible morphotypes (5), undergo phenotypic switching 29 (29, 44), and expression of tissue invasion-facilitating enzymes, such as phospholipases 30 and secreted aspartyl proteinases (12, 15, 22, 32, 41, 42) . 31
At certain mucosal sites such as the esophageal mucosa, demonstration of fungal 32 invasion is required for definitive diagnosis of infection, since C. albicans is also a 33 commensal colonizer of mucous membranes (27) . Moreover, at these sites the extent of 34 fungal invasion has been shown to correlate well with the severity of infection (1, 2) . 35
Fungal invasion of the superficial layers of the oral epithelium is found in human cases 36 of advanced immunosuppression and in animal models of oropharyngeal candidiasis (11, 37 17, 18). Moreover, we have shown that the tissue invasion capacity of C. albicans 38 correlates with its ability to stimulate a strong inflammatory response by oral mucosal 39 cells (48). Although the role of invasion in the virulence of C. albicans has been 40
Coculture of C. albicans with epithelial cell monolayers 117
To study the effect of C. albicans on E-cadherin protein and gene expression, SCC15 118 cells were seeded near confluence on 6-well polystyrene plates (4×10 5 cells/well) or 119 polystyrene culture dishes (Costar, Cambridge, MA) (4×10 6 cells/culture dish). Cell 120 monolayers were incubated in complete KSFM medium at 37 o C in 5% CO 2 atmosphere 121 and were incubated for up to 3 days, with daily changes in medium. Stationary phase 122 yeasts were prepared by growth for 18 h at room temperature in YPD broth (Difco 123 Laboratories, Detroit, MI), supplemented with 2% (wt/vol) dextrose. The fungal cells 124 were harvested by centrifugation, washed in PBS, counted in a hemacytometer and 125 adjusted to the final concentration in complete KSFM before adding to epithelial cells. At 126 the end of the 3 day epithelial culture period, yeast cells were suspended into fresh KFSM 127 medium at a concentration of 8 x 10 5 /ml and 1 or 10 ml of yeast suspension were added 128 to cultures in 6-well plates or dishes, respectively, for up to 14 h. 129
In order to inhibit proteolytic activity, some experiments were carried out in the 130 presence or absence of a cocktail of protease inhibitors (Sigma, St. Louis, MO). The 131 protease inhibitor cocktail included a mix of aprotinin, bestatin, leupeptin, E-64, and 132 pepstatin A, and was used at a dilution of 1:200 as a supplement to KSFM throughout the 133 infection period. Negative controls for these experiments included epithelial cell cultures 134 and C. albicans alone. At the end of the experimental period, cell lysates were prepared 135 for RNA and protein assays and stored at −80°C until assayed. 136
To prepare cell lysates for protein analyses, cultures were rinsed once in cold PBS 137 and exposed to 0.5 ml of radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris-138 scraped from the dishes with a rubber policeman, and the cell lysates were sedimented by 144 centrifugation at 4°C in a microcentrifuge at maximal speed for 10 minutes. 145 146
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Epithelial cell-free E-cadherin degradation assays 147
In order to directly assess the ability of C. albicans to degrade E-cadherin, we used an 148 epithelial cell-free assay, whereby cell membranes containing E-cadherin were 149 fractionated from epithelial cells and were incubated with C. albicans. To prepare cell 150 membranes we followed the protocol by Nagamatsu et al. (31) . Briefly, SCC15 cells 151 were seeded near confluence on polystyrene culture dishes (Costar, Cambridge, MA) 152 (4×10 6 cells/culture dish) and were incubated in complete KSFM medium at 37 o C in 5% 153 CO 2 atmosphere for up to 3 days. The cells were then homogenized in 1 ml of 154 homogenization buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 200 mM sucrose, 1 mM 155 phenylmethylsulfonyl fluoride), and the nuclei and cell debris were removed from the 156 homogenate by centrifugation at 1,000 x g for 10 min at 4°C. The resulting supernatantsupernatant was stored at −80°C until assayed. In some experiments the ability of C. 162 albicans to degrade E-cadherin was assessed by incubating C. albicans with 163 immunoprecipitated E-cadherin. E-cadherin was purified from MDCK or SCC15 cells as 164 previously described (19, 20) . 165
Immunoprecipitated E-cadherin or cell membrane preparations were exposed to live 166 C. albicans (1.5 x 10 5 yeast cells) or C. albicans-conditioned medium at 37°C for up to 167 18 h. To prepare C. albicans-conditioned medium, yeast phase organisms were 168 inoculated in complete KSFM and allowed to form hyphae at 37°C for 18 h. 169
Subsequently the organisms were removed by centrifugation and the medium were filter-170 sterilized. In order to inhibit proteolytic activity, some experiments were carried out in To investigate E-cadherin degradation during oral tissue invasion by C. albicans we 250 used a three-dimensional model of the oral mucosa as previously described (9, 10, 48) . 251
This system is composed of gingival fibroblasts embedded in a biomatrix of collagen 252 type I, overlaid by a multilayer of oral epithelial cells. To study the effect of C. albicans 253 showed that E-cadherin, but not β-actin protein, was reduced in a time dependent manner 314 during interaction with fungal organisms (Fig. 1) . A reduction in the E-cadherin signal 315 compared to uninfected cells was apparent as early as 4 h after infection (Fig. 1, lanes 3  316 and 4). At this time point we also observed that C. albicans had gained access to the 317 intercellular spaces of the confluent monolayer (Fig. 2) . Moreover, no bands 318 corresponding to either E-cadherin or β-actin were detected in cell lysates of C. albicans 319 alone (Fig. 1, lane 7) . 320
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To examine the possibility that the reduction in E-cadherin protein levels was due to 321 diminished gene expression, E-cadherin gene expression was monitored during infection 322 degradation of E-cadherin, degradation was completely inhibited when epithelial 334 monolayers were challenged in the presence of protease inhibitors (Fig. 4A) . 335
Because degradation of E-cadherin could theoretically be attributed to oral epithelial 336 cell-derived proteases, E-cadherin degradation by C. albicans was also tested in an 337 epithelial cell-free environment. In order to do this, oral epithelial cell derived 338 membranes containing intact E-cadherin were incubated with strain SC5314 or 339 keratinocyte medium conditioned by this strain. We observed that while partial 340 degradation of E-cadherin occurred upon treatment of membranes with C. albicans-341 conditioned medium, complete degradation of E-cadherin was seen after incubation with 342 C. albicans for 18 h (Fig. 4B) . To exclude the possibility that epithelial membrane-343 associated proteases mediated E-cadherin degradation, experiments were repeated using 344 immunoprecipitated E-cadherin and similar results were obtained (Fig. 4C) . Moreover, C. 345 a biofilm completely covering the surface three-dimensional culture (Fig. 6B) . In 368 contrast, cytokeratin remained intact in these sites of localized invasion (not shown). 369
In order to confirm that E-cadherin degradation is a mechanism C. albicans uses to 370 invade the oral mucosa, we tested the integrity of E-cadherin in three-dimensional tissue 371 cultures infected with the invasion deficient rim101-/rim101-mutant (CJN793) for up to 372 48 h. As previously reported (48), the invasion-deficient rim101-/rim101-mutant 373 (CJN793) was incapable of invading vertically into the mucosa and submucosa. Although 374 prolonged incubation of three-dimensional cultures with this mutant strain resulted in 375 biofilm formation along the outer layer of the epithelium, intact E-cadherin was noticed 376 at all epithelial cell layers (Fig. 6C) . 377
378
Invasive phenotype of C. albicans is associated with its ability to induce Sap5p-379 mediated E-cadherin degradation. 380
To confirm findings of E-cadherin degradation in the three-dimensional model, we 381 compared the invasion-deficient rim101-/rim101-mutant (DAY25), its congenic RIM101 382 complemented strain DAY44, and reference strain DAY185 in their ability to degrade 383 immunoprecipitated E-cadherin. As expected, strain DAY25 was extremely deficient in 384 E-cadherin degradation after 4 and 6 h of incubation (Fig. 7 , lanes 2 and 6) compared to 385 its complemented (Fig. 7, lane 7) and reference strains (Fig. 7, lane 8) , which triggered 386 almost complete degradation after 6 h of incubation. 387 Secreted aspartyl proteinases have been shown to play an important role in the 388 penetration of C. albicans into host tissues (6, 30). Therefore we investigated whether the 389 inability of the rim101 mutant strain to degrade E-cadherin was due to downregulation of 390
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on September 23, 2017 by guest http://iai.asm.org/ Downloaded from these proteinases. We observed a severe reduction of SAP4, SAP5 and SAP6 gene 391 expression in the rim101-/rim101-mutant strain CJN793 as compared to the reference 392 strain DAY185 (Table 2 ). Since SAP5 has been shown to play an important role in 393 oropharyngeal candidiasis in animals and humans (33, 38, 46), we focused on the role of 394 SAP5 in E-cadherin degradation. In order to demonstrate that SAP5 expression was 395 capable of rescuing the rim101-/rim101-mutant from its invasion and E-cadherin 396 degradation deficient phenotype, we compared the ability of strains CJN793 (rim101-397 /rim101-), CJN1111 (rim101-/rim101-TEF1-SAP5/SAP5), and reference strain DAY185 398 to a) degrade immunoprecipitated E-cadherin; and b) trigger E-cadherin degradation and 399 invade a three-dimensional model of the human oral mucosa. The SAP5 expressing 400 rim101-/rim101-strain CJN1111 showed a specific 4x10 5 -fold increase in SAP5 RNA 401 levels (Table 2) compared to the rim101-/rim101-strain CJN793, but SAP5 expression 402 levels were reduced 10 4 -fold compared to the RIM101/RIM101 strain DAY185. This 403 low level of SAP5 expression nonetheless permitted degradation of immunoprecipitated 404 E-cadherin with a similar efficiency as the invasive control strain DAY185 (Fig. 8A, lane  405 3 and 4, respectively). Moreover, incubation of three-dimensional cultures with the SAP5 406 expressing rim101-/rim101-strain CJN1111 resulted in degradation of E-cadherin in 407 localized areas of fungal invasion (Fig. 6D) . These results indicate that increased SAP5 408 expression is sufficient to restore the E-cadherin degradation and invasion phenotypes of 409 the rim101-/rim101-strain. 410
Finally, to strengthen the role of SAPs in the degradation of E-cadherin, we compared 411 the ability of sap5 homozygous mutant strain DSY452, sap4-6 triple mutant strain 412 DSY459, and reference strain CAI4 in their ability to degrade immunoprecipitated E-413
on September 23, 2017 by guest http://iai.asm.org/ Downloaded from cadherin. Both sap5 and sap4-6 mutant strains were deficient in E-cadherin degradation 414 after 12 h of incubation (Fig. 8B, lanes 2 and 3, respectively) compared to its parent 415 strain CAI4 (Fig. 8B, lane 4) . Footnote: Relative RNA levels were calculated using the ∆∆Ct method; all primers gave amplification efficiencies of at least 95%. 

